In dye-sensitized solar cells, the photosensitization of TiO 2 thin film semiconductor was accomplished by using different classes of metal-free (fluorone, triarymethane, azo and thiazine based) organic dyes as photosensitizer. The broad electronic absorption spectra of these dyes have been obtained in the visible region due to the presence of chromophoric groups in these dyes. The contribution of these dyes as light harvesting species is seen from the photocurrent action spectrum of the cell. Here, we report the sensitization activity of these dyes in terms of current-potential curve, open-circuit potential, fill factor, IPCE, and overall solar energy conversion efficiency which have been evaluated under 100 mW/cm 2 light intensity. The results suggest that dyes based on fluorone and azo groups are promising candidates for high performance, dye-sensitized solar cells because of better anchoring groups (-COOH, -OH, and -SO 3 − ) present in these dyes. Better anchorage of dyes to the surface of TiO 2 semiconductor helps in charge transfer phenomenon.
Introduction
Direct conversion of sunlight into electricity using solar cells is a steadily growing energy technology which is gaining tremendous popularity because they can produce electricity near the end user, avoiding transmission losses and costs. The solar panels operate without noise, toxicity, or greenhouse gas emissions. However, due to the high material and fabrication cost of Si solar cells, the PV electricity generated is less than 0.1% of the total energy demand of the world. Dyesensitized solar cells (DSSCs) have the potential to be a lowcost alternative to silicon solar cells due to their low cost and high power conversion efficiency [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
A typical dye-sensitized solar cell is depicted in Figure 1 . The device is constituted of two transparent conducting oxide substrates (TCO) such as fluorine doped tin oxide (FTO) on glass or polymeric substrates [16] . One TCO is a photoanode, composed of a sensitizer adsorbed onto the surface of the nanocrystalline semiconductor electrode (typically nanostructured TiO 2 ) and the other is a photoinert counterelectrode with a thin layer of a catalyst (for instance, platinum) sandwiching an electrolyte/relay medium (usually a solution containing the I 3 − /I − pair). n-TiO 2 is the most employed semiconductor material in dye-sensitized photoelectrochemical solar cells due to its favorable energetics, good stability, low cost and facile processing [17] [18] [19] .
In a regenerative DSSC, visible light is efficiently converted into electricity without any permanent chemical change ( Figure 2 ). All the processes involved in the functioning of such cells in general are summarized below.
First
Step. Photoexcitation of sensitizer (dye) molecules anchored onto the surface of the S.C. electrode:
Second
Step. Electron injection from excited dye molecules into the conduction band of the S.C. is as follows: Figure 1 : Sandwich type assembly of DSSCs.
Third
Step. Flow of injected electrons to C.E. through external circuit and accomplishing reduction reaction is as follows:
Forth
Step. Reduction of oxidized dye molecules resulting after electron injection (regeneration process) is as follows:
Net Result (Sum of All the 4 Steps).
The net results of the four steps involved are:
(ii) Only light is converted to electricity.
Till date, a variety of frameworks and materials are being pursued to replace Si based and other thin film technologies in which the dye-sensitized solar cell (DSSC) developed by Grätzel continues to be one of the most efficient "next generation" technologies having power conversion efficiencies ( ) in excess of 10% [4, 8] . But owing to the limited resources, environmentally unfriendly nature, and high cost of ruthenium metal, the efforts have been continued to search for more and more efficient sensitizers. With an objective to search for efficient sensitizers, many new commercial [20] [21] [22] [23] [24] [25] and synthetic dyes (organic compounds and inorganic metal complexes) [26] [27] [28] [29] have been studied for spectral sensitization of wide band gap semiconductor electrodes.
Many efforts have been made to change the different parts of organic dyes to optimize DSSC performance. To date, hundreds of n-type organic dyes including coumarin dyes, indoline dyes, tetrahydroquinoline dyes, triarylamine dyes, heteroanthracene dyes, carbazole dyes, N, N-dialkylaniline dyes, hemicyanine dyes, merocyanine dyes, squaraine dyes, perylene dyes, anthraquinone dyes, boradiazaindacene (BOD-IPY) dyes, oligothiophene dyes, and polymeric dyes have been adopted to act as sensitizers for DSSCs and impressive efficiencies have been obtained. The structures and their photovoltaic parameter have been reviewed by Hagfeldt and coworkers [30] .
Meanwhile, fluorone, triarylmethane, azo, and thiazine based organic dyes as sensitizers have been applied successfully to sensitization of nanocrystalline TiO 2 -based solar cells and the corresponding photovoltaic properties are presented in this paper by using iodine/iodide redox couple in propylene carbonate as a cell electrolyte.
Experimental Study

Materials.
The propylene carbonate (Merck) was employed as a medium of electrolyte solution; LiI (Aldrich) and I 2 (BDH) were used as redox couple in PEC experiments. Titanium paste (HT) was used for preparing TiO 2 electrode; platinum catalyst (T/SP) used as the counter electrode and sealing agent (SX1170-60, 50 m) were obtained from Solaronix. Conductive glass plate was obtained from Pilkington, USA. The fluorone, triarylmethane, azo, and thiazine based organic dyes were purchased from CDH, India. 
Preparation of TiO
DSSC Assembly.
Before assembling the components of the cell, the dye was anchored onto the surface of the TiO 2 thin film electrode by immersing it for 6 h in the dye solution prepared in a suitable solvent (methanol or DCM). The nonadsorbed dye was washed off with anhydrous ethanol. To assemble the cell, the platinum catalyst-coated counterelectrode was placed over dye-coated TiO 2 electrode Journal of Energy 3 in such a way that the conductive side of the counter electrode faced the dye-coated TiO 2 film, and the cell was sealed on three sides by using the spacer SX1170-60, 50 m (Solaronix, heating it at ∼80 ∘ C); one side was left open for the injection of electrolyte solution. The cell electrolyte (0.2 M lithium iodide mixed with 0.02 M iodine in propylene carbonate) was injected through opening and was drawn into the space between the electrodes by capillary action. Thereafter, the open side was also sealed carefully with araldite. On uncovered portion of the electrodes, the tips of the copper wires were attached using silver paste which was subsequently covered with araldite and dried before use.
Apparatus and Instruments.
A bipotentiostat (model number AFRDE 4E, Pine Instrument Company, USA) and recorder (e-Corder 201, Australia) were used for all currentpotential measurements. For PEC measurements, a 150 W xenon arc lamp (Oriel Corporation, USA) was used as the light source and the semiconductor electrode was illuminated after passing the light beam through a water column 6 inches in length (to filter IR) and condensing it with the help of fused-silica lenses (Oriel Corporation, USA). The light was monochromatised, when required, by using a grating monochromator (Oriel model 77250 equipped with model 7798 grating). The width of the exit slit of the monochromator was kept at 0.5 mm. To obtain the action spectrum 
Result and Discussion
The electronic absorption spectra of these dyes display bands in the visible region (400-700 nm) of electromagnetic spectrum. The absorption peak values ( max ), molecular formula, molecular weight, and structure of the dyes are presented in Table 1 .
The power output parameters of the dye-sensitized photoelectrochemical (PEC) cell (TiO 2 electrode/dye-containing electrolyte/platinum counter electrode) were determined from current-potential curves ( -) obtained under illumination with 100 mW/cm 2 light intensity. Keeping the cell (DSSC) illuminated with desired light, the potential at the working electrode is swept in a selected range and generated current is recorded. From such current-potential curve, all cell output parameters (open-circuit photovoltage ( OC ), fill factor (FF), and overall power conversion efficiency ( )) were obtained.
The maximum output power ( max ) is obtained by choosing a point "x" on experimentally determined ( -) curve (black line in Figure 3 ) corresponding to which the product of current ( max ) and voltage ( max ) gives maximum value. The fill factor (FF) and power conversion efficiency ( ) are evaluated using the following relations:
Here, SC , OC , and inc are short-circuit photocurrent, opencircuit potential, and intensity of incident light, respectively. The fill factor is obviously always less than unity for any cell and it is the measure of the fraction of the ideal power ( SC × OC ) which is obtainable at the best for external use.
To ascertain unambiguously the sensitization of photocurrent by the dye under investigation, the action spectrum of dye-modified TiO 2 electrode was determined. The close resemblance of the nature of such spectrum with the absorption spectrum of the respective dye-coated electrode indicates the sensitization of photocurrent by dye. Initially, the short-circuit photocurrent ( photo ) induced by monochromatic light was determined in the range of visible light (400-700 nm wavelength). From the values of sc and the intensity of the corresponding monochromatic light ( inc ), the incident photon-to-current conversion efficiency (IPCE) was calculated at each excitation wavelength ( ) by using following equation:
number of electrons generted number of incident photons × 100 
The (IPCE versus ) plots (action spectra) thus obtained for TiO 2 electrodes coated with different dyes were compared with the electronic absorption spectra of the dyes. The close resemblance of action spectrum and electronic absorption spectra reveals the contribution of these dyes as a light harvesting material/component in the dye-sensitized solar cells.
Fluorone Based Dyes.
The current-potential curves, obtained by using fluorone based (Phloxine B, ethyl eosin, Eosinol, and Erythrosine B) dyes as sensitizers, adsorbing on nanocrystalline TiO 2 thin film electrode are shown in Figure 4 . Ethyl eosin shows the highest photocurrent ( sc = 3.35 mA/cm 2 ) and the highest efficiency ( = 1.25%) among the fluorone based dyes. The decreasing trend of cell efficiencies of the fluorone based dyes is as follows: ethyl eosin (1.25%) > Erythrosin B (1.10%) > Eosinol (1.03%) > Phloxine B (0.92%). The remarkable efficiencies have been obtained in fluorone based dyes due to better anchoring group (-COOH, -OH) present in the system for better interaction to the surface of TiO 2 semiconductor for efficient electron injection.
The close resemblance of the absorption spectrum of these dyes with the respective action spectrum confirms the sensitization of the photocurrent by dye ( Figure 5 ). The onset wavelength of the IPCE spectrum of DSSC on the fluorone based dyes is 650 nm. The highest value of the IPCE, obtained among these dyes was 33% at 535 nm in the case of ethyl eosin. The output parameters such as sc , oc , FF, , and IPCE, obtained by using these dyes, are summarized in Table 2 . These IPCE values obtained under short-circuit conditions can be increased if the semiconductor photoanode is externally biased with positive potential.
Triarylmethane Based Dyes.
The triarylmethane based dyes (Victoria blue 4R, acid fuchsin, chromoxane cyanin R, and methyl green) display short-circuit current and opencircuit voltage in the ranges of 2.16 to 2.63 mA/cm 2 and −0.614 to −0.626 V, respectively ( Figure 6 ). The highest photocurrent and efficiency were obtained by using chromoxane cyanin R ( sc = 2.63 mA/cm 2 , oc = −0.614 V, FF = 0.68, and = 1.09%). Figure 7 displays incident photon-to-current conversion efficiency (IPCE) plotted as a function of excitation wavelength of the triarylmethane based dyes. The IPCE spectra for these dyes showed good agreement with the absorption behavior of the dyes on TiO 2 film, indicating the photosensitization of TiO 2 thin film semiconductor by these dyes. The IPCE spectrum exhibits a maximum of 30% for chromoxane cyanin R at 520 nm. The short-circuit current, efficiency, and IPCE maximum value for methyl green and Victoria blue 4R are lower than those obtained in other triarylmethane based dyes, possibly due to poor anchorage of dye with TiO 2 surface. On the other hand, chromoxane cyanin R and acid fuchsin with anchoring groups, -COOH and -SO 3 − , showing better efficiency and IPCE value. The photovoltaic parameters obtained by using these triarylmethane based dyes are shown in Table 3 .
Azo Based Dye.
Photovoltaic performances of the azo based dye (Orange G, Sudan III, Azophloxine, and Xylidine ponceau), sensitizing TiO 2 film electrodes, are listed in Table 4 , and the corresponding photocurrent-voltage curves are shown in Figure 8 . Azophloxine also shows better efficiency among this class of dyes. The decreasing trend of efficiency for these dyes is as follows: Azophloxine > Xylidine ponceau > Orange G > Sudan III. The short-circuit current and open-circuit voltage of Sudan III are lower than the others, which can be attributed to the poor injection efficiency of the dyes. This may be the result of the small energy gap between electrolyte and dyes. The action spectra obtained by using azo based dyes ( Figure 9) show resemblance with the absorption spectra for these dyes, thereby confirming the sensitization of photocurrent by these dyes. The maximum IPCE obtained with Azophloxine (32%) and the lowest IPCE value obtained among these azo based dyes is for Orange G with 27%. The onset wavelength of the IPCE for the Azo based dyes are 600 nm.
Thiazine Based Dyes.
The thiazine based dyes (Azure C, Azure B, and Toluidine blue O) show their photosensitization activity by current-potential curve in Figure 10 . The photocurrent obtained by using these dyes was in the range of 2.21 to 2.57 mA/cm 2 and the open-circuit potential was in the range of −0.538 V to −0.552. In thiazine based dye series, Table 6 : Electrochemical parameters of fluorone and thiazine based dyes. Azure B shows the maximum photocurrent (2.70 mA/cm 2 ) and the maximum power conversion efficiency (0.79%). Toluidine blue O shows the lowest photocurrent and cell efficiency, having the values of 2.21 mA/cm 2 and 0.68%, respectively, in thiazine series.
The IPCE values exceed 28% for Azure B, 25% for Azure C, and 22% for Toluidine blue O at their characteristic absorption wavelengths (Figure 11) . The corresponding opencircuit voltage ( oc ), short-circuits current density ( sc ), fill factor (FF), and power conversion efficiency ( %) for thiazine based dyes are listed in Table 5 . The lowest efficiency of this class of dye compared to other classes of dyes is due to the poor interaction of thiazine based dyes to the surface of TiO 2 because of the poor anchoring group present in thiazine based dyes.
The decreasing order of efficiencies of these classes of dyes is as follows: fluorone based > azo based > triarylmethane based > thiazine based dyes. Among these, the fluorone and azo based dyes show better photovoltaic performances due to better anchorage property to the surface of TiO 2 , chemical stability, and wide visible spectrum.
There are some general principles for dyes to be efficient sensitizers.
(1) The dye should be absorbed into the whole visible region (400-700 nm). (2) The dye used as photosensitizers should be fulfilling the reversibility criteria for long term application. (6) The dye should not aggregate onto the semiconductor electrode.
The electrochemical studies of some fluorone and thiazine based dye are summarized in Table 6 for the comparison of better performance of fluorone based sensitizers and poor performance of thiazine based sensitizers. These dye are well absorbed in visible region but they are not following the reversibility criteria (Δ = 60 mV). In fluorone based dyes, theses value is not more than 200 mV whereas, in thiazine based dyes, these values are more than 200 mV. Both groups show quasireversible process which is one of the main factors for the poor performance of these dyes compared to the ruthenium based dyes. In fluorone based dyes, the LUMO level is sufficiently more negative than in the thiazine based dyes leading to better electron injection properties from excited state of dyes to the conduction band of the TiO 2 [31] . Another important factor for poor performances of thiazine and triarylmethane based dyes is lack of proper anchoring group for adsorption onto the surface of semiconductor electrode whereas, in fluorone and azo based dyes, -COOH and -SO 3 H are the main anchoring group which facilitates the greater adsorption on the semiconductor electrode.
Conclusion
Comparative behavior of these fluorone, triarylmethane, azo, and thiazine based commercial dyes has been shown in this paper, which is essential for the further studies of chromophoric group behavior as photosensitizers. With the use of these commercial dyes, the spectral response of wide band gap TiO 2 electrode can be extended well into the visible region (up to 700 nm wavelength).
Action spectra with these dyes adsorbed on TiO 2 electrode provide clear evidence for its sensitization effect as photosensitizers. Amongst all the series of the organic dyes used, the best performance was shown by fluorone based dye (ethyl eosin), having photocurrent of 3.35 mA/cm 2 and power conversion efficiency of about 1.25%. The Azo based dyes also show better performance with cell efficiency of about 1.19% (Azophloxine). This is probably due to better interaction between the sulfonic (SO 3 − ) groups of Azophloxine and carboxylate group (COO − ) of the ethyl eosin to the TiO 2 surface. These dyes have properties such as better anchorage to the TiO 2 surface, short adsorption time, chemical stability, and wide visible spectrum which makes them promising candidates for use as sensitizer in dye-sensitized solar cell. Although, they show low photovoltaic performance in comparison to inorganic dye based DSSCs, still owning to their easy fabrication technique and low cost, these organic dyes provide a potential method for the development of efficiently low-cost DSSCs.
